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The samples of polychlotrifluoroethylene (PCTFE) — carbonyl iron (CI) with a 0-
0.2 volume fraction of the filler was obtained by the method of thermal pressing of the
polymer melt. The electrophysical and magnetic properties of the PCTFE-CI system sam-
ples in the ultra-high frequency range and at low frequencies were investigated by imped-
ance spectrometry, two-contact method, and by using a high-frequency interferometer. It
is shown that the real ¢ and the imaginary &” components of the complex dielectric
constant € are reduced by 10 % in the range of 8—12 GHz due to the frequency dispersion
of the filler properties. When the content of CI in the polymer is above the percolation
threshold, the dependence of electrical conductivity on frequency is absent in the range of
1072 - 10° Hz. Using the contactless induction method, the maximum surface charge of
PCTFE-CI film composites was observed at a content of CI somewhat below the percolation
threshold in the system. It is shown that the composites have stable characteristics up to
a temperature of 90°C. The magnetic properties of the ferromagnetic materials have a
maximum in the microwave range due to the high-frequency losses associated with the
precession of magnetization in its own internal field (anisotropy field) of the magnetic
material. Natural ferromagnetic resonance (NFR) occurs when the frequency of the exter-
nal electromagnetic field coincides with the frequency of precession of the magnetic moment
in the intra-domain field. The change in the values of u’ and p” in the range of 4 — 10.5 GHz
is probably related to the resonant nature of the interaction of the short circuit with
electromagnetic radiation, and the mechanism of absorption of microwave radiation with the
natural ferromagnetic resonance of the short circuit at such frequencies.

Keywords: microwave band, ferromagnetic resonance, percolation threshold, carbonyl iron.

Eanexrpogisuuni BaacTHBOCTI cHcTeMH NOdIXJ0TPUGTOPETUICH-KAPOOHIIBHE 3aJi30 HaA
HHU3BKUX Ta Bucokux vacrorax. C.M.Maxno, O.M.JIicosa, I1.I1.Iop6ur, I'"M.I'yna, M.T.Kapmenv

MerogoMm TepMiuHOrO mpecyBaHHSA 3 POSILJIABY IHOJIMepy OZep:KaHO 3PasKU CHCTEMU IIO-
aixmorpudroperuner (IIXTPE)-kapboninbue 3aniso (K3) B mexax 0-0,2 o6’emHol moni Ha-
noBHiOBaua. EmexTpodismuuni i marmiTai BnactuBocti spaskie cucremu [IXTOE-K3 B Hagsu-
COKOUYACTOTHOMY [TiamasoHl Ta Ha HH3BKHX dYacTOTaX TOCHIiIMKeHO MeToJaMU IMIeJaHCHOL
crieKTpoMeTpil, ZBOKOHTAKTHUM METOLOM Ta 34 JOIIOMOI'OK HAJBHUCOKOYACTOTHOrO inTepdep-
omerpa. Ilokasano, mo € 1 €’ B miamasomi 8 — 12 I'Th smmxyerbea ma 10 % sa paxyHOK
yacToTHOI mucrepcii BiacTuBocrell HamoBHIoBaua. nsa Bmicry K3 y momimepi micssi mopory
HmepkoJAlil BaleKHICTH eseKTpompoBigHoeTi Bix uwacToTm BimeyTHa B miamasomi 1072 —
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10° T'y. Ba ZomOMOroro Ge3KOHTAKTHOTO iHAYKIIHHOIO METOLY IIPOBELEHO LOCHIIKEeHHS IIO-
BEPXHEBOI'O 3apsany ILIiBKoBUX KommosurTiB cucrtemu IIXT®E-K3, BcramosieHo, 1o Makcu-
MyM [IOBEPXHEBOro 3apsAnxy crocrepiraerbes npu Bmicri K3 gemo mHmxuomy, HIXK sHaueHHS
nopory meproaAnii B cuctemi. ITokazamo, 1110 KOMIOSUTH CHCTeMU MAalOTh cTabinbHI Xapak-
TepucTuru xo TreMmueparypu 90°C. 3mina smauvens | Ta U B piamasoni 4-10,5 I'T1, Biporiz-
HO, NOBisfi3aHa 3 pesoHaHCHUM XxapakTepoMm Bsaemonii K3 3 emexTpomaruiTHuM Bunpomizio-
BaHHAM, a MexaHism nornmuanag HBY BunpominioBaHHA 3 npupoiHuM depoMarHiTHUM

pesonamcom K3 ma Taxux uacToTax.

1. Introduction

The modern technologies allow us to ob-
tain particles of metals and their com-
pounds of predetermined compositions and
sizes [1], as well as to form spatial struc-
tures with important functional properties
with the help of various matrices and stabi-
lizing systems [2]. The miniaturization of
devices and appliances requires the optimal
use of each component material. Composite
systems with ferromagnetic and antiferro-
magnetic inclusions distributed in a dielec-
tric matrix have unique physical properties.
The use of such systems, which have spe-
cific properties of components, allows the
formation of functional composite materials
for the creation of magnetic sensors, posi-
tioning systems, magnetic strips and mag-
netic dampers [3].

Obtaining metal-dielectric matrix com-
posites is possible in many ways. The known
methods of synthesis of metal-filled compos-
ites include the treatment of polymer films
with metal vapors; chemical reactions of
metal salts in polymer solutions, followed
by removal of the polymer; polymerization
of metal-containing monomer systems; ob-
taining the composite in the polymerization
process of the matrix from the state of a
viscous homogeneous mixture.

The most reproducible and technological
methods of obtaining polymer composites is
the method of molding the polymer melt
under specified conditions: temperature and
pressure. For composites with a magnetic
filler, the defining characteristic is the fre-
quency dependence of the complex magnetic
and dielectric permittivity in a wide range
of wavelengths. The composition and struc-
ture of such a composite material deter-
mines its useful characteristics, where elec-
trical contacts between the particles play a
decisive role.

Fillers that actively exhibit their proper-
ties in the polymer composite are magneto-
dielectrics (ferromagnets, the particles of
which are separated by insulating films of
non-magnetic material). The magnetic prop-
erties of magnetodielectrics are determined
by the size and shape of the ferromagnetic
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particles, their relative location, the quanti-
tative ratio between the ferromagnet and
the dielectric. Carbonyl iron (CI), which is
98 % composed of pure iron with impuri-
ties of carbon and nitrogen, has stable prop-
erties and belongs to high-frequency mag-
netic materials.

The aim of this study is to study the
variation of the dielectric and magnetic
properties of the PCTFE-CI system in the
microwave range and at low frequencies.

2. Experimental

For the manufacture of composites, a
crystalline-amorphous polymer of polychlo-
rotrifluoroethylene (PCTFE) F-3M grade A
and CI GOST 9849-86 was used. The sam-
ples for PCTFE-CI systems were obtained by
pressing at 495 K and 2 MPa.

The real € and the imaginary €’ compo-
nents of the complex dielectric constant &*
were measured at frequencies of 8 — 12 GHz
using an ultra-high frequency interferome-
ter [4]; and the temperature dependences of
electrical conductivity at low frequencies
were investigated by a two-contact method
using an E7-14 immitance meter in the
range of 4483 K.

The frequency dependences of the real
and imaginary component of the complex
dielectric constant and the electrical con-
ductivity ¢* of the PCTFE-CI composites
were determined by calculating the Z* im-
pedance spectra in the frequency range of
1071 — 105 Hz obtained on a Solartron SI
1260 impedance spectrometer.

Impedance measurements of PCTFE-CI
composites were performed at room tem-
perature, in the concentration range from 0
to 0.2 volume fraction (¢) of CI. Complex
dielectric permittivity and electrical conduc-
tivity were calculated according to the clas-
sical equations of electrical engineering
using an equivalent electrical circuit with
capacitance and resistance connected in par-
allel. The value of the complex resistivity
p" at a certain frequency was defined as

pr=p +ip”=2Z"" %, 1
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Fig. 1. The real component of the complex dielectric constant (a) and conductivity (b) as a function
of temperature at a frequency of 1 kHz for the PCTFE-CI system with the CI volume content: 0 —
0; 1 — 0.04; 2 — 0.06; 3 — 0.09; 4 — 0.13; 5 — 0.16; 6 — 0.2.

where S and & are the area and thickness of
the specimen. Complex specific electrical
conductivity was determined according to

(2)

The values of the complex dielectric con-
stant were calculated from the values of the
complex impedance according to the expres-
sions:

o = -z S (3)
0-g - (Z2+2"2) K
o Z S (4)

Tweogy (Z2+277) B

where o = 2nf is the cyclic frequency of the
electromagnetic field.

3. Results and discussion

The temperature dependences of the real
component complex dielectric constant € of
the PCHTFE-CI system for the different
volumetric contents of the CI have signifi-
cant differences (Fig. 1a). For CI concentra-
tions up to 0.08 volume fraction, € does not
significantly depend on temperature up to
180°C, which characterizes the stability of
the composites. For the composite with ¢ =
0.1, the temperature dependence € has a
maximum value of about 70°C, subsequently
decreasing with increasing temperature.

The dependence of the electrical conduc-
tivity ¢ (Fig. 1b) on the temperature is
more complicated. For composites with a CI
volume content of up to 0.08, there is an
increase in the ¢ values from 20 to 180°C
by almost two orders of magnitude; and for
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Fig. 2. Electrical conductivity of the PCTFE-
CI system vs the CI volume content at differ-
ent temperatures, °C: I — 40; 2 — 85; 3 —
125; 4 — 170 (at a frequency of 1 kHz).

a composite with ¢ = 0.2, the electrical con-
ductivity decreases by 6 times, which char-
acterizes significant structural changes of
composites due to surface phenomena.

The dielectric losses in the low frequency
range are quite high and the values of tand
reach 1 for the composite with ¢ = 0.1.
Fig. 2 shows that in the temperature range
up to 125°C, the electrical conductivity in-
creases sharply in the neighborhood of ¢ =
0.06, which indicates the formation of per-
colation clusters. Up to 170°C, the change
in temperature properties is observed
poorly.

The surface charge density of the films
of the PCTFE-CI system (Fig. 8) was deter-
mined by a noncontact induction method
(oscillation of the electret in the capacitive
gap) [5]. The change in the surface charge
values is correlated with the nature of the
conductivity change from the CI concentra-
tion to the short circuit, which is associated
with the achievement of the percolation
threshold. The lower the value of the perco-
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Fig. 3. The specific surface charge vs the
content of the CI in the PCTFE-CI system.

lation threshold, the lower the concentra-
tion jumps values downward from the maxi-
mum (the charge of the system acquires
maximum values at filler concentrations
slightly lower than the percolation thresh-
old of the system) to values that are several
orders of magnitude smaller. The presence
of surface charges in the composites beyond
the percolation threshold can be explained
by the presence of non-conducting areas on
the surface of the polymer film where the
charge accumulates. When the polymer is
electrically conductive, the surface charge
will go to zero. Therefore, the reduction of
the specific charge after reaching the maxi-
mum value in the system with increasing
concentration of short circuits is associated
with the formation of a continuous percola-
tion cluster.

On the frequency dependences of the real
o’ component of the complex electrical con-
ductivity (Fig. 4), the maxima and minima
are not observed; Thus, at low frequencies,
there is an area in which there is no fre-
quency dependence of electrical conductiv-
ity, which corresponds to the through con-
ductivity at direct current ¢’,;. As the fre-
quency increases further, the conductivity
increases according to the power law o',
where 0 < n < 1. The similar nature of the
dependence is described in the framework of
the jump conduction model [6, 7] according
to the equation:

g (3)

r
cpszc'nc-|1+[iJ 1|,
L (®av) ]

where ®,, is the average jump frequency of
charge carriers. The exponent n is the same
for all investigated concentrations in the
polymer and is equal to ~ 0.8.

At low frequencies, the frequency de-
pendence of electrical conductivity can be
explained by the fact that the electrical con-
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Fig. 4. Electrical conductivities as a fre-
quency function for the PCTFE-CI system
with the contents of the CI: 1 — 0.04; 2 —
0.09; 3 — 0.2.

ductivity at direct current significantly ex-
ceeds the contribution of the value (0/0,,)
equal to 0.8.

For composites with ¢ =0.1, the fre-
quency dependence is not described by the
equation (5), since the value of ¢ does not
change until the frequency of 10° Hz; and
at the frequency higher than 10° Hz, the
contribution of the inductive component of
the impedance becomes noticeable.

The frequency dependence of the dielec-
tric loss tangent of the PCTFE system in
the short-circuit mode is shown in Fig. 5a.
The values of the dielectric constant de-
crease non-monotonically for both ¢ and ¢”
in the specified frequency range, and the
dielectric loss tangent has quite high wval-
ues. The extrema of the frequency depend-
ence are due to interference phenomena.
The observed decrease in the values of €’
and €’ depending on the frequency can be
explained by a decrease in the interaction
between clusters when the wavelength of
electromagnetic radiation decreases.

For the dependences of the components
of the complex dielectric permittivity on the
volume content of the short circuit (Fig.
5b), a change of the slope of the curves in
the region ¢ = 0.06 is observed, which indi-
cates the presence of a percolation transi-
tion in the PCHTFE-CI system. The volume
content of the short circuit, at which the
percolation phenomenon occurs is the same
for high and low frequencies due to the
spherical shape of the filler microparticles
and the uniform distribution of particles in
the polymer matrix.

The real and imaginary parts of the com-
plex magnetic permeability are different de-
pending on the frequency of the alternating

Functional materials, 30, 1, 2023
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Fig. 5. (a) Dielectric loss tangent (1) and the trend line (2) as frequency functions for the PCTFE-CI
system with 0.2 CI volume content; (b) € (1) and £” (2) vs the CI volume content at the frequency

of 10 GHz.

field and are characterized by magnetic
spectra. The magnetic properties of ferro-
magnetic materials in the microwave range
reach a maximum due to the high-frequency
losses associated with the precession of
magnetization in the intrinsic internal field
(anisotropy field) of the magnetic material.
Natural ferromagnetic resonance (NFR) oc-
curs when the frequency of the external
electromagnetic field coincides with the fre-
quency of precession of the magnetic mo-
ment in the intra-domain field.

Generally, the effective field of anisot-
ropy of a polyerystalline magnet is as fol-
lows

where H, is the magnetic intensity of the
crystallographic anisotropy; H, is the mag-
netic intensity of the magnetoelastic anisot-
ropy caused by the residual mechanical
stress in the material and possibly by exter-
nal mechanical actions (the magnitude of
the H, field in the ferrites is usually negli-
gible); H,,, is the magnetizing magnetic
tension of domain boundaries, depending on
the mutual orientation of the boundaries
and the vector of the alternating magnetic
field.

The field of PFR frequencies in polycrys-
talline ferrites can be quite wide (from 106
to 1019 Hz) and may partially overlap with
the domain boundary resonance, which
greatly complicates the form of the real
spectrum. The spectrum of a real ferromag-
netic resonance has |” maxima (at least two
maxima).

The real and imaginary components of
the complex magnetic permeability are ex-
perimentally determined at different fre-
quencies in the microwave field; the results
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are presented in Table 1. It can be seen

Table 1. The real p’ and p” imaginary com-
ponents of the complex magnetic perme-
ability of CI in the microwave range

Frequency, GHz 'y u”
4 1.53 0.54
6 2.35 1.95
8 2.45 1.55
10.3 1.45 1.25

from the table that in the region of 6-
8 GHz, a maximum of resonant absorption
of short-circuit particles is observed; prob-
ably, the indicated frequency range corre-
sponds to the region of natural ferromag-
netic resonance for CI.

4. Conclusions

The electrophysical and magnetic proper-
ties of samples of the PCTFE-CI system
were studied in the high-frequency and low-
frequency ranges. It is shown that in the
range of 8 — 12 GHz, the values £ and &”
are reduced by 10 % due to the frequency
dispersion of the properties of the filler.
When the content of short-circuits in the
polymer after the percolation threshold, the
electrical conductivity is independent on the
frequency in the range of 1072-10° Hz.

It is shown that composites of the
PCTFE-CI system have stable characteristics
up to a temperature of 90°C.

The change in the values of | and p” in
the microwave range is probably associated
with the resonant nature of the interaction,
and the mechanism for the absorption of mi-
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crowave radiation — with the natural ferro-
magnetic resonance of the microwave range.
It is shown that the maximum surface
charge of the PCTFE-CI composites is ob-
served when the CI content is slightly lower
than the percolation threshold in the system.
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